The dissipation factor (DF) is an important material property of piezoceramics that governs the amount of self-heating under resonant conditions; it essentially quantifies a particular material type for either an actuator or resonator application: high DF materials with typically higher output (d 33 ) are better for actuators, whereas low DF materials with typically lower d 33 are better for resonators. Transducer designers must often compromise between mechanical output and DF in the selection of piezoceramics for power ultrasonic applications, and abnormally high DF is one of the main causes of production stoppages. In theory DF is simply the current/voltage phase deviation from an ideal capacitor at 90° (a.k.a. tan(δ) or dielectric loss). Abnormally high DF is typically caused by moisture absorption due to poor ceramic porosity, which causes voltage leakage effects; e.g., seen in transducer production when setting piezo stack preload. Corresponding large increases in capacitance can also be associated with poor porosity, which is counterintuitive unless there is moisture absorption or electrode wicking. This research investigates the mechanisms for abnormally high DF in peizoceramics, and its corresponding effect on transducer performance. It investigates if DF is only affected by the bulk dielectric properties of the piezoceramics (e.g. porosity), or is also influenced by non-uniform electric field effects from electrode wicking. It explores if higher DF ceramics can affect transducer displacement/current gain stability via moisture expulsion at higher drive levels. The investigation focuses solely on the common PZT8 piezoelectric material used with welding transducers for semiconductor wire bonding. Transducers are built with both normal DF peizoceramics, and those with abnormally high DF ceramics which caused production stoppages. Several metrics are investigated such as impedance, displacement gain and capacitance. The experimental and theoretical research methods include Bode plots, SEM cross-sections, Archimedes method, equivalent circuits, laser vibrometry and finite element analysis.
Introduction
The dissipation factor (DF) is defined as the ratio of the equivalent series resistance (ESR) and the magnitude of the capacitance reactance (X c ), i.e., DF = ESR/|X c | as shown in Fig. 1 . It is also known as the loss tangent or tan(δ), where the angle δ is the deviation from 90° between voltage and current for an ideal capacitor (i.e., no losses). The DF is also the ratio of (energy lost)/(energy stored) or Re/|Im| of the impedance. It is typically measured at 120 Hz (for AC power) or 1000 Hz (more common). The higher the DF the more heat is generated via I 2 ESR heating (QuadTech, 2003 , Gebbia, 2001 ). The DF is an important material property of the piezoceramics; it governs the amount of self-heating under resonant conditions, and thus quantifies a particular material type for either an actuator or resonator. High DF materials with higher output (d 33 ) are better for actuators, whereas low DF materials with typically lower d 33 are better for resonators. Designers must often compromise between mechanical output and DF in the selection of piezoceramics for power ultrasonic applications (Stansfield, 1991 , Wilson, 1991 , Uchino et al., 2003 . Abnormally high DF is one of the main causes of production stoppages of power transducers used in semiconductor wire bonding. Abnormally high DF is typically caused by moisture absorption due to poor piezoceramic porosity (manufacturing issue). Piezo manufacturers often use heat drying after aqueous degreasing to remove the poling oil, which can mask DF issues in final inspection before shipping. Moisture absorption can cause voltage leakage effects, as first seen in transducer production when setting the piezo stack preload via a charge amp. Corresponding large increases in capacitance can also be associated with poor porosity, which is counterintuitive unless there is moisture absorption or the electrodes are wicking (penetrating). 
Specific transducer application
Kulicke & Soffa Industries is the leading manufacturer of semiconductor wire bonding equipment. This "backend" type of equipment provides ultrasonically welded interconnect wires between the wafer level semiconductor circuitry (die) and the mounting package (frame) as shown in Fig. 2 . The ultrasonic transducer delivers energy to a capillary tool for welding tiny gold or copper wires, typically on the order of 0.001 inches in diameter. Fig. 3 shows the primary steps of the wire bond cycle used to produce the interconnect wires, and it demonstrates how the ultrasonic energy from the transducer is delivered in a "scrubbing motion" to make the welded bonds. Fig. 2(d) shows the on-machine transducer configuration during device wire bonding. The single-piece construction "Unibody" transducer uses four diced, rectangular PZT8 piezoceramics, and is ideal for research studies (DeAngelis et al., 2006 (DeAngelis et al., , 2009 (DeAngelis et al., , 2010 (DeAngelis et al., , 2011 . Portability across 100's of machines is required for the same customer device in production operations. 
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Research summary
The investigation focused on the mechanisms for abnormally high DF in piezoceramics, and its corresponding effect on transducer performance. It investigated if DF is only affected by the bulk dielectric properties of the piezoceramics (e.g. porosity and moisture), or also influenced by non-uniform electric field effects such as from electrode wicking. The research explored if higher DF ceramics can affect transducer current or voltage to displacement gain stability via moisture expulsion at higher drive levels. The investigation focused solely on the common PZT8 piezoelectric material used with welding transducers for semiconductor wire bonding. The transducers were built with both normal DF piezoceramics, and those with abnormally high DF ceramics which caused production stoppages. Several metrics were investigated such as porosity, grain density, impedance, capacitance, displacement/current gain and displacement/voltage gain. Fig. 4 shows the equivalent circuit model for investigating DF of piezoceramics (Elliott, 2005) . Fig. 5 shows the LCR meter used to measure capacitance and dissipation factor at 120 Hz and 1000 Hz (BK 878); the tiny probe tweezers reduce inductance errors.
Equivalent circuit model for DF
The parallel resistance R p is very high, but can ionize with moisture to cause shorts at DC voltage. As shown in Fig. 5 , a conductance measurement (1/R) was used with a multimeter (Fluke 187). The conductance was affected by moisture expulsion due to the current heating from the multimeter, and typically decreased rapidly for times longer than the RC time constant; i.e., this is not an accurate method for measuring R DC . The conductivity of moisture is not a major factor for DF with respect to leakage across electrodes, but rather affects internal operation of capacitor to store charge due to local ionization with AC. Fig. 6 shows typical measurements from the LCR meter for excellent, good and bad piezoceramics. As shown in Fig. 7 , parallel or leakage resistance R p reduces when taking transducer based measurements for DF with many piezoceramics in parallel. Parallel resistance R p also decreases in a similar fashion when several conductive percolation paths (in red) appear due to moisture. When using piezoceramics to set preload, the RC time constant (τ) for charge amp needs to be greater than 30 seconds in practice for accuracy. Percolated conduction paths due to moisture can cause rapid decay or excessive preload due to charge leakage via R p (i.e., production stoppage). Fig. 8 shows the DF model predictions for good and bad piezos. The dielectric absorption parameter is best correlated to the higher DF piezos, as the manifestation from moisture absorption. 
Porosity measurements of piezoceramics
The porosity (ϕ) is defined as the (Pore Volume)/(Bulk Volume) or V ϕ /V b . The porosity pores can be closed or open and interconnected to exterior surfaces. Piezo parts with silver electrodes may wick into the porosity more than plated or sputtered electrodes (e.g., nickel). Porosity can be measured using the Archimedes method with submersion in water as shown in Fig 9(a) (Bengisu, 2001) . The grain density of the piezoceramic is the maximum density of the sintered PZT powder with zero porosity. The Archimedes method described in Fig. 9 (b) uses a destructive process that requires the piezo parts to be ground to a fine powder to eliminate all internal porosity; for best results, degassed water should be used. Fig. 10 shows the results of the porosity measurement techniques, and Fig. 11 shows the SEM cross-sections of the good and bad parts. Fig. 12(a) shows two common mixing rules for determining the capacitance of piezoceramics with porosity. The logarithmic rule showed the best agreement with experimental data (Wu et al., 2003) . Fig. 12(b) shows the power law response equations and model for a material with dielectric and conductive phases (Bowen et al., 2006) . Fig. 13 shows the predictions of the model to show general trends. 
Power law response for piezoceramics

Finite element modeling
To examine the effects of electrode defects which extend below the surface of the PZT element face, a simple ANSYS finite element model was created as shown in Fig. 16 shows the bad piezoceramic results for the before and after bake test at 100ºC. Fig. 17 shows the good and bad piezoceramic results before and after water dunk test. Fig. 18(a) shows the transducer assembly results for before and after water dunk test. Fig. 18(b) shows the sensitivity analysis of transducer dunk test results as moisture is absorbed into the piezoceramics. 
Experimental results
Conclusions
Taking C and DF measurements at both 120 Hz and 1000 Hz with an LCR meter has great advantages as a diagnostic tool for high DF issues. The equivalent circuit presented can distinguish DF between dielectric absorption and dielectric loss; moisture absorption causes C 120 > C 1k seen as dielectric absorption C 0 in circuit. When C 120 ≈ C 1k the equivalent circuit model predicts the DF measurement is unrelated to moisture. The charge leakage at DC, as seen during preload with charge amp, is caused by percolated conduction paths due to moisture absorption into the ceramic porosity, and high DF can also manifest from poor porosity due to increased moisture absorption. The power law response showed frequency dependencies (e.g., with C) caused by both the capacitive (PZT) and conductive (water) regions in the piezos. The SEM cross-sections showed big porosity differences between the good and bad piezoceramics. At some threshold the porosity becomes interconnected and open to the surface allowing the piezoceramic to become permeable to moisture. The type of porosity, i.e., closed vs. open and interconnected, is also very important. The FEA modeling showed that electrode wicking alone can cause high C but not high DF. The experimental results showed that a high current drive of the transducer can cause moisture expulsion and affect DF. This moisture absorption or expulsion (due to porosity) affects both the current and voltage displacement gains. However, the moisture expulsion is only temporary until the piezos equilibrate again; heating the piezoceramics can also expel moisture temporarily and affect DF, but the heating does not always improve DF to normal range as shown by the 100ºC bake test; the piezo composition may have a conductive phase problem unrelated to moisture absorption which is typically due to excess residual lead from improper sintering.
